Increased food production results in the development and application of agrochemicals to control weeds, which can affect agricultural production. Pesticides contaminate the environment and change soil and water quality. Therefore, to improve the understanding of the adsorption mechanism of 2,4-dichlorophenoxyacetic acid (2,4-D) in aluminoferric red oxisol we have conducted an adsorption study using Langmuir and Freundlich isotherms, treating kinetic data using pseudo first-order, pseudo second-order, and intraparticle diffusion models. The results showed the Freundlich isotherm fits the experimental data best, revealing favorable adsorption and a strong attraction between adsorbent molecules, considering the n F and k F model parameters of 3.7 and 34.21 L/g, respectively. The kinetic model with the best fit was the pseudo second-order model. The intraparticle diffusion model indicated the second step as the process controlling step, revealing k D of 12.36 and 4.42 mg/g for the concentrations of 6352.80 mg/L and 1087.20 mg/L, respectively. Higher k D represents lower transport resistance and higher motive power for mass transfer.
Introduction
Global demand for food has grown considerably in recent decades due to population increase, which has resulted in increased food production. Weeds are prevalent in monoculture agriculture, causing the widespread use of pesticides (Martins et al., 2014) . Some farmers adopt a pre-established control system to apply pesticides that does not consider local conditions, such as soil type, climate, agricultural management, type of cultivar, or cropping system (Mancuso et al., 2011) . Thus, in soil it is estimated a concentration increase every year and therefore being able to exceed the limits permitted by environmental standards (Cotillas et al., 2018) . Consequently, high concentrations have been identified in several environmental compartments and can be spreading easily due the solubility of many pesticides, increasing he extension of the contaminated area (Pavlovic et al., 2005; Piaia et al., 2017) .
The southern region of Brazil, more specifically, Rio Grande do Sul state, is known as agricultural, with its main crops being soy, corn and wheat. Among different types of herbicides used in agriculture, stand out the selective ones, such as 2,4-dichlorophenoxyacetic acid, also called 2,4-D, used for post-emergence application on weeds, for various crops such as soybeans and wheat. Its use intended to eliminate the presence of these weeds that may end up compro-mising production. This herbicide presents short to medium persistence in the soil, being maintained for prolonged periods and can reach up to 4 weeks in regions with tropical characteristic; in cold and dry regions its decomposition becomes very reduced (Silva & Silva, 2007) , which can come to affect this ecosystem, as well as, to compromise subsequent plantations, reducing production.
The degradation of agricultural soils by 2,4-D has recently become a concern for researchers ( Risco et al., 2016; Souza et al., 2016a) . It is commercially distributed in amine formulations, salts, and esters (Amarante Jr. et al., 2003; Sbano et al., 2013) . Amines were adsorbed more effectively in the soil than those of ester, therefore, more leachable, while those of ester are poorly soluble, therefore they present less movement (Silva & Silva, 2007) . The active element of 2,4-D is widely used in the chemical industry, and due to the specific characteristics of this agrochemical, such as high water solubility (620 mg/L) (Pavlovic et al., 2005; Souza et al., 2016b) , low biodegradability (Brillas et al., 2003; Nethaji & Sivasamy, 2017) , and low soil adsorption coefficient, it is commonly found in groundwater because it percolates through the soil (Prado et al., 2016) . mals). Its oral and dermal lethal dose (LD50) is 370 mg/kg (in rabbits) and 1400 mg/kg (in mice), respectively (Vieira et al., 1999) . From this perspective, it is important to understand the adsorption mechanisms of pesticides in the soil, as different processes are also affected by this dynamic, such as degradation, bioaccumulation, transport, and mobility (Long et al., 2015) .
Adsorption is a multi-step process involving the transport of adsorbate molecules (2,4-D) from the aqueous phase to the surface of the solid (soil) particles, followed by the diffusion of solute molecules into the pore interiors. If the experiment is a batch system with rapid shaking, there is a possibility that the transport of adsorbate from the solution into pores (bulk) is the step that controls the speed of the process (McKay, 1982) . This process is described by a graphical relationship, that shows the amount of adsorbed 2,4-D varying with the square root of time (Weber & Morris, 1963) .
Numerous studies have been conducted to clarify the behavior and adsorption of herbicides, such as terbuthylazine, prometryne, metribuzin, hexazinone, metolachlor, chlorotoluron, trifluralin, azoxystrobin, fipronil, chlormequat chloride (Kodeová et al., 2011) , and atrazine (Yue et al., 2017) , in soil. Regarding 2,4-D, research has demonstrated that in soils with a higher amount of organic matter, whether natural or derived from residues, the adsorption of pesticides by soil particles is higher (Amarante Jr. et al., 2003; Bekbölet et al., 1999; Spadotto et al., 2003; Vieira et al., 1999; Rodriguez-Rubio et al., 2006) .
Although 2,4-D is classified as an extremely toxic product in Brazil, its use is permitted and therefore there are many concerns about the effects on human health and the environment. Therefore, knowledge is essential about the mechanisms of retention and mobility of this contaminant in the soil. There have been numerous studies about the adsorption of this pesticide in Brazilian soil, however, there is a lack of research on the use of latosol with low organic matter as adsorbent material. To increase knowledge about the capacity and mechanisms of the adsorption of the 2,4-D agrotoxic in aluminoferric red oxisol, this study evaluates its adsorption capacity, adsorption processes, and interactions that occur between adsorbent particles and adsorbate compounds.
Methodology

Solutions and adsorbent
2,4-D pesticide was used in the amine formulation of 720 g/L. The solutions required for the study were prepared with ultrapure water from the Millipore Milli-Q system. The investigated soil was collected in the experimental area on the Erechim campus of the Federal University of Fronteira Sul (UFFS) in Rio Grande do Sul, Brazil. This soil is residual basalt material with a pedological classification of aluminoferric red oxisol (Erechim unit) (Streck et al., 2008) .
Samples were taken from the surficial layer of horizon A soil (from 0 to 10 cm) of a site that never received agrochemicals in order to avoid interference from other contaminating sources. Physical and physico-chemical characterization was performed for different attributes, such as: pH, micronutrients (iron, copper, zinc and manganese), soil density and organic matter content; these analyses were performed based on methodology described by Embrapa (2009) ; and moisture content and granulometric analysis, through the Brazilian Standards NBR 6457 and NBR 7181, respectively (ABNT, 2016; ABNT, 1984) .
Evaluation of adsorption capacity and kinetic study
Under unsteady environment temperature (23°C ± 1°C) and pH 5.5, the mass of 2.5 g of soil was added to 50 mL of aqueous solution (1:20), and then, soil adsorption capacity was evaluated using a static method by American Society for Testing and Materials (ASTM, 2016). All the adsorption tests were conducted in triplicate, and the variables evaluated were the concentration of 2,4-D in the liquid phase at equilibrium (C e ), and through mass balance (Eq. 1), the amount of 2,4-D adsorbed on the solid phase (q e ) per unit mass of soil used as adsorbent was obtained.
Initially, a kinetic study was performed in which two initial concentrations of the 2,4-D contaminant (1087.20 and 6352.80 mg/L) were used, resulting from the used volumes of 0.25 and 1.30 liters per hectare, which are extreme values for application of 2,4-D, normally used in the field. These tested volumes are close to those recommended for agronomic application and the purpose of using these concentrations was to obtain the time at which the system reaches equilibrium. Monitoring time was 480 min, however, pre-tests verified that the highest adsorption rates occurred during the first hour of the study. Based on these results, it was determined that in the adsorption kinetic assays the aliquots would be withdrawn at shorter time intervals at the beginning of the kinetic study (5, 15, 30, and 45 min) , with the experiment ending after eight hours. This study was used to perform the kinetic modeling of the process, which will be described later. Table 1 shows the experimental conditions used in the preliminary tests and in the kinetic study.
Subsequently, the adsorption study was carried out in triplicate, using initial concentrations of the 2,4-D contaminant of 0.0, 1668. 80, 4734.40, 8318.40, 10176 .00, and 17920.00 mg/L resulting from 2,4-D applications of 0.0, 0.50, 1.00, 1.50, 2.00, and 3.50 L per hectare of soil used in the field to obtain adsorption isotherm models, with the 2,4-D adsorbate concentration at equilibrium (C e ). Aliquots resulting from the kinetic study and the adsorption study were used to determine the amount of 2,4-D.
Chromatographic analysis of 2,4-D
To determine the liquid phase 2,4-D adsorbate concentration at equilibrium (C e ), aliquots were centrifuged at 3000 rpm (Sigma Equipment 3-16 L) for 10 min. Thereafter, a syringe filter (0.45 mm) was used to separate the soil from the liquid phase. The resulting extract was then subjected to chromatographic analysis. Identification was achieved using a high-performance liquid chromatography system (HPLC) (Shimadzu, Prominence UFLC with PDA detector) using the standard curve of the analyte (2,4-D). Data processing was performed using LabSolutions software, version 5.75. The amount of solute adsorbed per unit mass of adsorbent (soil), q e (mg/g), was determined using Eq. 1:
where C 0 is the initial adsorbate concentration (mg/L), C e is the adsorbate concentration at equilibrium (mg/L), V is the solution volume (L), and W is the weight of the solid (g).
Adsorption process modeling
After determining the adsorbed concentrations, adsorption isotherms were traced and mathematical modeling was applied to determine the adsorption mechanisms of 2,4-D in soil particles.
Adsorption isotherms
Langmuir and Freundlich isotherm models were employed in the study. The Langmuir isotherm model, presented in Eq. 2, assumes uniform adsorption energy on the surface and in the transmigration of the adsorbate between sites (McKay et al., 1982) .
q e is the amount of solute adsorbed per unit mass of adsorbent (mg/g), C e is the adsorbate concentration at equilib-rium (mg/L), and q max (mg/g) and b L (L/g) are Langmuir parameters representing the maximum adsorption capacity and the adsorbate/adsorbent interaction constant, respectively.
The Freundlich isotherm is described by Eq. 3. The empirical model considers multilayer adsorption and can be applied on highly heterogeneous surfaces. In many cases it provides better representation of adsorption equilibrium of a single solute compared to a Langmuir isotherm (Merk et al., 1981) , where the heat of adsorption depends on the concentration in the solid phase.
q e is the amount of solute adsorbed per unit mass of adsorbent (mg/g), k F is the equilibrium constant of the Freundlich model related to adsorption capacity (L/g), C e is the adsorbate concentration at equilibrium (mg/L), and n F is a dimensionless exponent of the Freundlich equation related to the intensity of adsorption.
Kinetic adsorption
Adsorption kinetics describe the rate of solute removal in the fluid phase over time and are dependent on the physical and chemical characteristics of the adsorbate, the adsorbent, and the experimental system. The adsorption mechanism in adsorbents may involve the following steps: the transfer of adsorbate molecules from the solution to the external surface of the adsorbent (boundary layer); the adsorption of the adsorbate molecules into the external surface of the particle through molecular interactions; the diffusion of adsorbate molecules from the external surface to the interior of the particle (effective diffusion); and the adsorption inside the particle (Ruthven, 1984) . According to Sun & Xiangjing (1997) , the first stage of adsorption can be affected by increased adsorbate concentration and shaking, accelerating diffusion of the adsorbate to the solid surface. The second stage is dependent on the nature of adsorbate molecules. The third stage is generally considered the determining step, especially in the case of microporous adsorbents.
Kinetic adsorption models can be used to determinate the mechanisms and adsorbent efficiency in the removal of contaminants. In this study, data relating to the adsorption of 2,4-D by soil has been treated using three kinetic models -the pseudo first-order, pseudo second-order, and intraparticle diffusion models.
Pseudo first-order Lagergren model (Khaled et al., 2009; Xu et al., 2013; Ho & McKay, 1998; Roy et al., 2013; Gulnaz et al., 2005) is the first known equation to describe the adsorption rate based on adsorption capacity. According to some authors, the pseudo first-order model may be related to the occurrence of physical adsorption, which can control the reaction rate (Ho & McKay, 1999 Evaluating the Adsorptive Capacity of Aluminoferric Red Oxisol in Reducing the Availability of 2,4-Dichlorofenoxiacetic Acid where q e is the adsorption capacity at equilibrium (mg/g), q t is the adsorption capacity in time t (mg/g), k 1 is the constant of the adsorption rate of pseudo first order (1/min), and t is the time of reaction (min). Another kinetic model evaluated was the pseudo second-order model (Roy et al., 2013; Gulnaz et al., 2005; Khaled et al., 2009; Ho & McKay, 1999; Xu et al., 2013) , being a linear model represented by Eq. 5: 
where t is the time of reaction (min), q t is the adsorption capacity in time t (mg/g), k 2 is the constant of the adsorption rate of pseudo second order (g/mg.min), and q e is the adsorption capacity at equilibrium (mg/g). The intraparticle diffusion model is commonly expressed by Eq. 6 (Roy et al., 2013; Ho e McKay, 1998) :
where q t is the adsorption capacity in time t (mg/g), k D is the velocity constant of intraparticle diffusion (mg/g.min) and t is the time of reaction (min). Based on the assumption that 2,4-D is transported from the aqueous solution to the adsorbent by intraparticle diffusion, this is another kinetic model that must be used to study the adsorption of this contaminant in soil. The intraparticle diffusion velocity constant (k D ), also known as the Weber and Morris constant, is obtained by the linearization of Eq. 6 corresponding to the angular coefficient of the line, which can present two or more linear steps that can limit the adsorption, as follows: a) Linear stage that begins with a rapid diffusion on the outer surface of the particle; b) Linear stage that begins with gradual adsorption, where intraparticle diffusion is the limiting rate; and c) The equilibrium stage in which the intraparticle diffusion begins to decay due to the low solute concentration in the solution and the lower availability of adsorption sites (Chen et al., 2003) . All the experimental results for the adsorption equilibrium of the 2,4-D compounds were adjusted using the least squares method with version 7.0 STATISTICA software, applying the Langmuir and Freundlich models. The statistical significance adopted for fitting the experimental data to the models was 95 %. Table 2 shows pH, moisture content, density, micronutrients and organic matter content of the soil sample.
Results and Discussion
Soil characterization
High moisture content of the superficial soil layer (0-10 cm) is due to pluviometric precipitations that occurred in the days prior to the collection of the material. According to Streck et al. (2008) , the latosols have low nutrient content and high acidity, with pH below 4.9 in the superficial layer and, at greater depths, values close to 5.5 (Brazil, 1973) . Fig. 1 shows the particle size distribution of the soil sample, with clay, silt and fine sand contents, corresponding to 38,26 %, 12,83 % and 47,33 %, respectively.
Equilibrium studies
Langmuir and Freundlich adsorption isotherms were obtained using the adsorption tests with different initial concentrations of 2,4-D. Fig. 2 shows the results of experimental adsorption isotherms for 2,4-D, adjusted using the Langmuir and Freundlich models.
Adsorption isotherms for 2,4-D in soil were described as type L, according to Giles et al. (1960) classification. Fig. 2 indicates that for lower concentrations of agrochemicals added to the soil, adsorption occurs with greater intensity, indicating the affinity of the adsorbent with 2,4-D. This is confirmed by Pavlovic et al. (2005) , who showed that in this isothermal shape (L) monofunctional adsorbate is strongly attracted to an adsorbent, mainly via electrostatic or ion-ion interactions, thus reaching the saturation value. By means of the experimental results, it was still possible to observe that when the lowest concentration of 2,4-D (1668.80 mg/L) was used, a removal of approximately 25.00 % was obtained, and as the concentration of the contaminant was increased (17920.00 mg/L), there was a decrease in removal to 4.50 %.
The parameters obtained by the Langmuir and Freundlich models are shown in Table 3 . Considering the parameters of the models presented in Table 3 , calculated with the experimental data obtained by the chromatographic analysis of 2,4-D, it is possible to verify that the Freundlich model showed better adjustment for the adsorption process 304 Soils and Rocks, São Paulo, 42 (3): 301-309, September-December, 2019.
Baldissarelli et al. of 2,4-D in the soil, based on the value of the determination coefficient (R 2 ). Considering the model, it can be assumed that the soil studied has heterogeneous sites and that the adsorption process occurs in multiple layers.
In adsorption studies of 2,4-D (25°C) in adsorbents such as illite, sand, and humic acid, Haque & Sexton (1968) obtained values of 1.02, 1.454, and 1,09 L/mg, respectively, for the equilibrium constant of the Freundlich model (k F ). Delle Site (2000) reports that for values of n F > 1 it is possible to have L-shaped isotherms and that the lower this ratio, the greater the interaction between adsorbate and adsorbent. This shows that due to the high n F determined in the present study, the ratio becomes smaller when compared to studies cited above, and therefore there is a high interaction between adsorbate and adsorbent.
More information can be gathered using the equilibrium constant of the Freundlich model. Alfonso et al. (2017) evaluated the adsorption of four organophosphorus pesticides (diazinon, dimethoate, methyl parathion, and sulfotep) in different soils from Yucatán, Mexico. Their results indicate that all agrochemicals had low adsorption in the soil studied and therefore high mobility. The Freundlich model provided the best correlations, with k F in the range of 1.62-2.35 L/mg for sulfotep, 2.43-3.25 L/mg for dimethoate, 5.54-9.27 L/mg for parathion, and 3.22-5.17 L/mg for diazinon. These values, found by Alfonso et al. (2017) , are much lower than the values observed in this research, indicating a good adsorption capacity and a higher affinity of 2,4-D for the aluminoferric red oxisol. The increased values for the two constants of the Freundlich model (n F and k F ) are related due to the presence of a higher clay and silt content in the studied soil, being 38,26 % and 12,83 %, respectively. According to Bekbölet et al. (1999) , who investigated the adsorption of 2,4-D in soils with low organic matter and neutral pH, it has been also verified that the adsorption process is positively correlated with the organic matter content and the amount of clay and silt. This is also confirmed by Alfonso et al. (2017) , who obtained the lowest and highest values of n F and k F , respectively, for soil with higher clay content. Fig. 3 shows the behavior of 2,4-D adsorption kinetics using two different initial concentrations (6352.80 mg/L and 1087.20 mg/L), in order to evaluate the equilibrium time between the adsorbent and the adsorbate used . This equilibrium time was also used to construct the adsorption isotherms. Fig. 3 shows that the equilibrium time decreases as the concentration of the contaminant increases. Based on this result and other preliminary results, the equilibrium time chosen for the other tests concerning the adsorption isotherms was 45 min.
Adsorption kinetics
Through the results obtained and analyzing the studied soil, it is verified that this soil does not present micro- porosity characteristics, being that the adsorption occurs more effectively on the surface, reaching equilibrium more quickly compared to microporous adsorbents, such as activated carbon, for example. The clay soil used in this study favors the adsorption process of the contaminant, as it presents a larger surface area when compared to sandy soils. Thus, by knowing the adsorption kinetics it is possible to determine the process control steps and the adsorption behavior of 2,4-D in the studied soil. Table 4 presents the kinetic parameters of pseudo first-order and pseudo secondorder Lagergren models. These parameters were determined by establishing a linear relationship from the experimental results.
Considering the kinetic pseudo first-order and pseudo second-order models, if the q e of the linearization is not equal to q e obtained experimentally, then the reaction will probably not be of the analyzed order, even though this plot has high correlation with the experimental data (Khaled et al., 2009; Crini et al., 2007) . Analyzing the data presented in Table 4 for the pseudo-first order model, it is verified that the q e values obtained by the linearization are very low compared with the experimental values of q e . In addition, the R 2 determination coefficient is relatively low for most data, which indicates that 2,4-D adsorption in soil is not a first-order reaction. Fig. 4 shows the adjustments of the pseudo secondorder adsorption kinetics obtained for this study.
The higher determination coefficient (R 2 ) (shown in Table 4 ) for the pseudo second-order model shows that it provided a better adjustment to the experimental data than the pseudo first-order model. In addition, the q e (mg/g) calculated using this kinetic model is close to the experimental q e (mg/g). Salman & Hameed (2010) studied adsorption kinetics for the removal of 2,4-D from contaminated water using coal and found that the pseudo second-order model fits the experimental data best. This same behavior has been observed in the work of Trivedi et al. (2016) in which peanut shells were used in the removal of 2,4-D.
In addition, the pseudo second-order model may be related to the occurrence of chemical adsorption, which can control the reaction rate (Ho & McKay, 1998) . According to Ruthven (1984) , in the case of chemisorption, it involves the exchange or sharing of electrons between the adsorbate molecules and the surface of the adsorbent, resulting in a chemical reaction. This results essentially in a new chemi-cal bond and therefore much stronger than in the case of the physisorption. The concepts of chemisorption and physisorption are distinct, however the two adsorption mechanisms are not completely independent. The distinction as to whether the species is physically or chemically adsorbed is not very clear, since both processes can often be described in terms of the principles of physical adsorption.
In general, the differences between physical adsorption and chemical adsorption can be summarized as: Chemical adsorption is highly specific and not all solid surfaces have active sites capable of chemically adsorbing adsorbate. It should be noted that not all molecules present in the fluid can be adsorbed chemically, only those capable of binding to the active site. Physical adsorption, unlike chemical adsorption, is non-specific. From a thermodynamics point of view, the heat involved in the physisorption is generally below 10 kcal/mol, that is, of the order of condensation/vaporization. In the adsorption chemistry, the heat of adsorption is of the order of the heat of reaction, therefore above 20 kcal/mol. It should be added that, since no formation or breakage occurs, the chemical nature of adsorbate is not altered (Nascimento et al., 2014) .
In general, it was verified that the kinetic pseudo second-order model is adequate to describe the adsorption process of 2,4-D in the soil in the present study.
Intraparticle diffusion kinetics
Fig. 5 shows the correlation of q t vs. t
(1/2) for the adsorption of 2,4-D in the soil created for the intraparticle diffusion model, including the three steps described in the 306 Soils and Rocks, São Paulo, 42 (3): 301-309, September-December, 2019.
Baldissarelli et al. Figure 4 -Results of pseudo second-order kinetic: adsorbate weight, 2.5 g; volume, 50 mL; temperature, 23 °C ± 1 °C. section on kinetic adsorption (methodology) and separated by the 3 vertical lines highlighted (Fig. 5) . In all cases, the quality of the adjustments obtained is defined by the determination coefficient (R 2 ) for each of the steps. Table 5 shows the adsorption kinetic constants of the model for the second stage, chosen as the process control stage (highest determination coefficient mean). For the adsorption process using 2,4-D, the intraparticle diffusion model presented a k D of 12.36 and 4.42 mg/g.h for the concentrations of 6352.80 mg/L and 1087.20 mg/L respectively.
The results show that the higher the concentration used, the higher is the k D as can be seen in Fig. 5 . This result is expected because the higher the concentration used, the greater the motive power for mass transfer and the higher the rate of diffusion of the contaminant in the pores of the adsorbent. This order of velocity can be attributed to the mass and molecular configuration of 2,4-D (Foust et al., 1982) .
Conclusion
It was possible to verify that the adsorption process of 2,4-D in the aluminoferric red oxisol occurs through different attraction forces, suggesting a diversity of active sites in the soil. Among the models that describe the kinetic adsorption of the pesticide in soil, the Freundlich model provided the best adjustment (R 2 of 0.96). The equilibrium constant and dimensionless exponent, both of the Freundlich model, k F and n F respectively, estimated at 34.21 and 3.7, indicate affinity between the adsorbent and the adsorbate, mainly due to the clay and silt content present in the soil and the characteristics of the analyte molecule. This implies a significant reduction in the availability and mobility of the pesticide in soil. In terms of the adsorption kinetics, it has been verified that the pseudo second-order model better represented the contaminant studied. This behavior is related to the molecule of the contaminant, as other research has also related this kinetic model to the adsorption of 2,4-D, even using another substance as an adsorbent. Based on the kinetic tests, it was possible to identify the controlling stage of the process and the high values of the determination coefficient relative to the intraparticle diffusion model. This indicated that the process is strongly controlled by the second step for the concentrations evaluated, as intraparticle diffusion rate is limiting of this process.
Furthermore, the results and conclusions obtained in this study can be used as knowledge and decision making for remediation in contaminated areas, considering that the soil in natural conditions, as in this study, already has a good ability to attenuate contaminants.
Figure 5 -Adjustment of intraparticle diffusion kinetics to 2,4-D; adsorbent weight, 2.5 g; volume, 50 mL; temperature, 23°C ± 1°C. 
